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Summary
Objective: The Wnt family of secreted proteins, their receptors (Fzd proteins) and antagonists (secreted Fzd-related proteins, or Sfrp)
regulate chondrocyte differentiation and chrondrogenesis during embryonic development. Here, the hypothesis that the Wnt regulatory
network contributes to chondrocyte differentiation of post-natal cells was tested in an in vitro model of chondroinduction by demineralized
bone powder (DBP).
Design: Human dermal fibroblasts (hDFs) were cultured in porous, three-dimensional (3D) collagen sponges with or without chondroinduc-
tive DBP. In some experiments, lithium chloride (LiCl), an agonist of the Wnt/-catenin signaling pathway, was added to the culture media.
Sponges were cultured for intervals (0.5–21 days) before processing for molecular, histologic, and biochemical analyses. Expression of wnt,
fzd, and sfrp genes was characterized by semi-quantitative RT-PCR. Fibroblasts’ contacts with DBP were documented by histology.
Accumulation of proteoglycan in extracellular matrix was evaluated by histology (metachromasia in toluidine blue-stained sections) and
quantitative immunoassay (chondroitin 4-sulfate ELISA).
Results: Expression of 15 wnt, fzd, and sfrp family members was detected in hDFs by RT-PCR. A subset of those genes (wnt2b, wnt5b,
wnt10b, fzd6, fzd7) showed altered expression in hDFs exposed to DBP for 3 days. wnt and fzd gene expression was not altered before
hDFs contacted the DBP within the collagen sponge. Human DFs cultured in plain collagen sponges and treated with LiCl accumulated
significantly more metachromatic matrix than NaCl-treated controls on day 10, and showed a trend towards increased matrix chondroitin-4
sulfate content.
Conclusions: These data suggest that changes in Wnt signaling contribute to chondroinduction of post-natal fibroblasts by DBP. This is the
first evidence that Wnt components, which are essential regulators of pre-natal chondrocyte differentiation, may also influence post-natal
chondrocyte differentiation induced by DBP.
© 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
The wnt gene family encodes secreted proteins that inter-
act with cellular receptors encoded by the fzd gene family.
Together with secreted, fzd-related proteins (encoded by
sfrp genes) that act as Wnt antagonists, these proteins
form a regulatory network that profoundly influences
chondrocyte differentiation and chondrogenesis during em-
bryonic skeletal development1–8. Whether Wnt, Fzd, and
Sfrp (hereafter referred to as Wnt components) similarly
influence post-natal chondrocyte differentiation and chon-
drogenesis, however, is not well understood.
In an experimental system of post-natal chondrocyte
differentiation, human dermal fibroblasts (hDFs) are cul-
tured with demineralized bone powder (DBP) in a porous
collagen sponge9. Demineralized bone is used clinically
because of its ability to induce skeletal tissue by an
endochondral mechanism10,11. In the in vitro culture de-
vice, a portion of DBP is held in place between two thin
layers of collagen. This arrangement of demineralized bone
particles approximates the architecture of DBP in in vivo
implants9. With hDFs used as target cells, the DBP/
collagen sponge system models an early step in DBP-
induced endochondral osteogenesis: the phenotypic
conversion of mesenchymal cells into chondroblasts10,11.
Seven days after hDFs are seeded onto DBP/collagen
sponges, cells that have contacted the DBP show accumu-
lation of metachromatic extracellular matrix12 and gene
expression of the cartilage matrix components, collagen
type II and aggrecan13. Prior to the expression of cartilage
phenotypic genes, DBP induces shifts in expression of
several functional classes of genes in hDFs, including
matrix proteins, cytoskeletal elements, protein synthesis
machinery, signal transduction proteins, and peptide
growth/differentiation factors14,15. For some genes, DBP-
induced changes in expression are transient and their
mRNAs return to control levels by day 7, when the chondro-
cyte phenotype is evident14. Altered expression of other
genes is sustained during accumulation of cartilage-like
matrix (chondrogenesis) on days 7–21. These patterns of
altered gene expression begin to define cellular stages
of chondroblast differentiation and chondrogenesis in the
collagen sponge culture system15.
The importance of Wnt components in pre-natal
chondrocyte differentiation suggested the hypothesis that
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this network also regulates post-natal chondrocyte differen-
tiation. The objective of this study was to determine
whether Wnt signaling contributes to chondroinduction by
DBP. Therefore, the DBP/collagen sponge system was
used to characterize Wnt component gene expression
during chondroblast differentiation and chondrogenesis.
The contribution of one aspect of Wnt signal transduction
to post-natal chondrocyte differentiation was assessed
by exposing hDFs in collagen sponges to lithium chloride
(LiCl), an agonist of the Wnt/-catenin signaling
pathway16.
Methods
CELLS
Human dermal fibroblasts were isolated by outgrowth
from skin explants (neonatal foreskins) and cultured in
monolayer to passage #7 before use12. Basal culture
media for all hDF experiments consisted of Dulbecco’s
MEM, 10% fetal bovine serum, 100 U/ml penicillin, and 100
µg/ml streptomycin. Os Te (osteogenesis imperfecta em-
bryonic human dermal fibroblasts, #CRL-1262) and MG63
cells (human osteosarcoma, #CRL-1427) were purchased
and cultured as recommended by the supplier (American
Type Culture Collection, Manassas, VA).
CHONDROINDUCTION SYSTEM
Demineralized bone powder was prepared from rat long
bones, as described17. Three-dimensional DBP/collagen or
plain collagen sponges were prepared as described9. In
brief, to prepare bilaminate sponges, 120 µl of 0.5% type I
collagen solution (Cellagen PC-5, ICN Biomedicals, Costa
Mesa, CA) was neutralized with 0.01 M HEPES (pH 7.4)
and 0.01 M NaHCO3, poured into a mold, and frozen. A
spacer of moistened paper was placed over the frozen
collagen layer and a second aliquot of collagen (130 µl)
was added. The construct was frozen, lyophilized and
irradiated with ultraviolet light (3 h per side). The spacer
paper was removed and a 3-mg portion of DBP was placed
between the layers of bilaminate sponges. To prepare plain
collagen sponges, a single layer of collagen (250 µl) was
poured into a mold, frozen, lyophilized and irradiated with
ultraviolet light.
COLLAGEN SPONGE SEEDING AND CULTURE CONDITIONS
For cell seeding, each sponge was positioned in a
seeding chamber9 and placed into a well of a 12-well
culture plate. Human dermal fibroblasts were harvested
from monolayer cultures and deposited onto the top of the
sponges (106 cells in 50 µl of basal media). An additional
monolayer culture of cells was harvested on the same day
for RNA isolation and measurement of baseline mRNA
levels. The sponges were incubated in a humidified cham-
ber for 1 h at 37°C. A 50-µl aliquot of basal media was
added to the top of the sponges, which were returned to the
incubator for 2 h. Four ml of media was added to each well
and the seeding chambers were tilted to remove any air
bubbles from beneath the sponges. Three days after cell
seeding, the sponges were removed from the seeding
chambers and cultured in 6-well plates (2–4 sponges per
well). Media were changed every 3–4 days. Sponges were
then harvested at intervals for molecular, histologic, and
biochemical analyses.
A preliminary experiment was performed to determine an
appropriate concentration of LiCl for sponge experiments.
Monolayer cultures of hDFs exposed to 5 mM LiCl or
control NaCl for 10 days were viable. Greater concen-
trations of LiCl (10 or 20 mM) were toxic. Therefore, 24 h
after sponges were seeded with hDFs, 4 µl of LiCl or NaCl
stock solution (5 M) was added to each well and mixed into
the culture media by pipetting. Fresh media containing
5 mM LiCl or NaCl was added 2 days later when the
sponges were removed from the seeding chambers, and
every 3–4 days thereafter. Ten days after seeding, the
sponges were harvested for histology and proteoglycan
extraction.
RNA ISOLATION
Total RNA was prepared from monolayer cultures by
lysing cells in Trizol reagent (Invitrogen, Carlsbad, CA).
Groups of control collagen or DBP/collagen sponges were
pooled and homogenized in Trizol reagent (1 ml per
sponge)14. RNA quality was evaluated by absorbance
readings at 260 and 280 nm, and by electrophoresis on
formaldehyde-agarose gels.
CDNA SYNTHESIS
Total RNA was treated with DNase I (Roche Molecular
Biochemicals, USA) to eliminate any contaminating ge-
nomic DNA. Aliquots of 5 µg of DNase-treated RNA were
used in random hexamer-primed cDNA synthesis reactions
(100 µl total volume) according to the manufacturer’s in-
structions (Invitrogen). One µl of cDNA (the equivalent of
50 ng total RNA) was used in each PCR.
PCR PRIMERS
Primers specific for the housekeeping gene
glyceraldehyde-3-phosphage dehydrogenase (G3PDH)
were purchased (Clontech, Palo Alto, CA). Published
primers were used for wnt2b, wnt10b, fzd2, fzd518 and
wnt16a, wnt16b19 (Table I). Additional primers (Table I)
were designed using the Primer3 program20 (code avail-
able at http://www-genome.wi.mit.edu/genome_software/
other/primer3/html). A previous study showed that a
specific wnt5a mRNA that has a unique 3′ untranslated
region (UTR) is induced in hDFs cultured with DBP21.
Because 3′ UTRs are incompletely catalogued, PCR
primers were designed to target protein-coding regions.
Primers were tested in control PCRs with three different
cDNAs (Os Te, MG63, or hDF) and conditions for amplifi-
cation (Table I). For some primer sets, no product was
detected under any of those conditions (Table I) or in PCRs
that used cDNA from hDFs cultured in DBP/collagen
sponges for 3 days.
SEMI-QUANTITATIVE RT-PCR
PCRs for each Wnt pathway component were performed
on the set of cDNA samples from each experiment (DBP/
collagen sponges, control collagen sponges, and mono-
layer culture). PCR products were subjected to electro-
phoresis through 2% agarose gels. Photographs of
ethidium bromide-stained gels were scanned with an
Epson 1200s Scanner. TIF-formatted images were ana-
lyzed with Scion Image for Windows software (Scion
Corporation, Frederick, MD). PCR product pixel density
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Table I
PCR primers for Wnt component genes
Gene (Accession No.) Primers Product (bp) Amplification conditions1
Wnt1 (NM_005430) CTGCAGCGACAACATTGACT 399 -
GCTGTACGTGCAGAAGTTGG
Wnt2 (XM_027186) AAAGGAAAGGATGCCAGAGC 398 60, 35 cycles
CCCACAGCACATGACTTCAC
Wnt2b (HSWNT13) AAGATGGTGCCAACTTCACCG 320 55, 35 cycles
CTGCCTTCTTGGGGGCTTTGC
Wnt3 (XM_032187) GACCACATGCACCTCAAATG 401 55, 40 cycles
GATGCAGTGGCATTTTTCCT
Wnt3a (NM_033131) CAAGATTGGCATCCAGGAGT 289 -
GAGACACCATCCCACCAAAC
Wnt4 (NM_030761) ACCTGGAAGTCATGGACTCG 399 60, 35 cycles
GCCTCATTGTTGTGGAGGTT
Wnt5b (NM_032642) CTGTGCCAATTGTACCAGGA 396 60, 35 cycles
CCTGCTCCTCTGTCCTTTG
Wnt6 (AB059570) AGAAGCTGCCTCCATTTCG 386 -
GTCACAGGCAGAGGCTGAG
Wnt7a (NM_004624) GAGAAGCAAGGCCAGTACCA 424 60, 35 cycles
TAGTTGGGCGACTTCTCGAT
Wnt7b (AB062766) GAGCCAACATCATCTGCAAC 391 60, 35 cycles
GGAGAAGTCGATGCCGTAAC
Wnt8a (NM_031933) GAACTGCCCTGAAAATGCTC 544 -
GCTAGGAAGGAAGGCCTCAG
Wnt8b (NM_003393) CTGGTGCCCAGAGTGGTATT 408 -
TTACACGTGCGTTTCATGGT
Wnt10a (NM_025216) CCCAATGACATTCTGGACCT 410 60, 37 cycles
TAAGCGGTGCAGCTTCCTAC
Wnt10b (XM_047556) GAATGCGAATCCACAACAACAG 195 60, 35 cycles
TTGCGGTTGTGGGTATCAATGAA
Wnt11 (NM_004626) CGTGTGCTATGGCATCAAGT 509 -
CGCATCAGTTTATTGGCTTG
Wnt14 (XM_047556) GGGTGTGAAGGTGATCAAGG 396 55, 35 cycles
CACCCGGCTCTGTGTGTTAT
Wnt15 (NM_003396) CACCTGAAGCAGTGTGACCT 498 -
CTGATACGCCATGGCACTTA
Wnt16a (NM_016087) CAGAAAGATGGAAAGGCACC 271 -
ATCATGCAGTTCCATCTCTC
Wnt16b (NM_057168) TGCTCGTGCTGTTCCCCTAC 225 60, 35 cycles
ATCATGCAGTTCCATCTCTC
Fzd1 (NM_003505) TACGTACCTGGTGGACATGC 497 60, 35 cycles
AAGGACGTGCCGATAAACAG
Fzd2 (NM_001466) CTAGCGCCGCTCTTCGTGTACCTG 386 60, 35 cycles
CAGCGTCTTGCCCGACCAGATCC
Fzd3 (NM_017412) GGATCGGTGTTTTCAGCATT 501 60, 35 cycles
CCGTGGTAGCTGCTCACTTT
Fzd4 (NM_003506) AACTTTCACACCGCTCATCC 602 55, 35 cycles
GATATCCTTTCCCGGCCTAC
Fzd5 (NM_003468) TTCATGTGCCTGGTGGTGGGC 235 -
TACACGTGCGACAGGGACACC
Fzd6 (NM_003506) AAAGCAAAAGCTCGACCAGA 595 55, 35 cycles
GCCAGGCCAGTGTCAGTAAT
Fzd7 (NM_003507) CCAACGGCCTGATGTACTTT 605 60, 35 cycles
GCAAGAAGGACGTGCCTATG
Fzd8 (NM_031866) CACCGTCTCCACCTTCCTTA 621 -
ATGGTGCCGATGAAGAGGTA
Fzd10 (NM_007197) AGCCAACAGCAGCTACTTCC 498 -
CACCACCAGCAGCATAAAGA
Sfrp1 (NM_003012) CCCCTGCTCAACAAGAACTG 508 55, 35 cycles
AAGTGGTGGCTGAGGTTGTC
Sfrp2 (NM_050625) GCATCGAATACCAGAACATGC 501 -
TTGCTCTTGGTCTCCAGGAT
Sfrp4 (NM_003014) TTCTTCTGTGCCATGTACGA 490 55, 40 cycles
TTGTAATGAGCGGGACTTGA
Sfrp5 (NM_003015) CTGGACAACGACCTCTGCAT 440 -
GCAGGGGTAGGAGAACATGA
Frzb (NM_001463) CCCATCAACCCCTGTAAGTC 394 -
ACAGTGTCCCGTGGAATGTT
1Annealing temperature (°C) and number of amplification cycles. Dashes indicate those primer sets for which no product was obtained
from control OsTe, MG63, or hDF cDNAS.
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was measured within a user-defined rectangle that circum-
scribed the visible band. Background pixel density was
measured in an adjacent area in the same lane and was
subtracted from the PCR product pixel density.
A correction factor was calculated for each cDNA by
dividing its G3PDH pixel density by the minimum G3PDH
value in that set of samples. Wnt component pixel densities
were divided by the correction factor and the ratio (r) of
DBP/collagen to control collagen was calculated. A pre-
vious study showed that G3PDH mRNA levels are not
greatly changed by DBP in hDFs cultured in collagen
sponges (r values for 18S:G3PDH were <1.4 in all
samples)15. Therefore, in this study, genes that were
changed by DBP on day 3 were defined as those for which
r was >1.4 or ≤0.6 to account for the known variance
inherent in this experimental system15. For statistical analy-
sis, r values were then transformed to a percent difference
(z1−rz×100).
HISTOLOGY
Sponges were fixed in 2% paraformaldehyde, 0.1 M
sodium cacodylate for 24 h. Sponges from each exper-
iment were processed as a group and embedded in paraffin
or methylmethacrylate (JB-4), sectioned, and stained. To
evaluate hDF’s migration into collagen sponges and inter-
action with DBP, 4 µm-thick, paraffin sections were stained
with Safranin O. To evaluate metachromatic extracellular
matrix, 20 µm-thick JB-4 sections were stained with toluid-
ine blue (pH 4.0)9.
Two independent experiments were performed to evalu-
ate metachromatic extracellular matrix in LiCl- or NaCl-
treated sponges (N=3 per group in each experiment).
Toluidine blue-stained slides were viewed in random order
with their identifiers masked. The slides were grouped
according to the amount of matrix present and assigned a
matrix score (0=low; 1=moderate; 2=abundant). Matrix
scores from the two experiments were pooled for statistical
analysis.
PROTEOGLYCAN EXTRACTION AND CHONDROITIN-4 SULFATE
ELISA
Proteoglycan was extracted from cultured sponges as
described12. Each sponge was incubated in 1 ml of extrac-
tion buffer (4 M guanidine-HCl, 0.05 M sodium acetate,
0.01 M sodium EDTA, 0.1 M aminohexanoic acid, 0.005 M
benzamidine HCl, pH 5.8) containing protease inhibitors
(Complete Tablets, Roche Molecular Biochemicals, USA)
at 4°C with shaking. After 48 h, the sponges were centri-
fuged for 5 min at 10,000×g. Three hundred µl of super-
natant was removed and diluted with an equal volume of
water. Proteoglycan was precipitated with three volumes of
cold absolute ethanol containing 1.3% potassium acetate.
The ethanol precipitation was repeated and the samples
were dissolved in 300 µl of carbonate buffer (0.035 M
NaHCO3, 0.018 M Na2CO3, pH 9.8).
For measurement of chondroitin-4 sulfate content by
ELISA, each sample was diluted 1:5 in carbonate buffer. A
standard curve was prepared by diluting proteoglycan
monomer from bovine nasal cartilage (ICN Biochemicals,
Irvine, CA) in carbonate buffer (2-fold serial dilutions begin-
ning with 200 pg). One hundred µl of each sample was
aliquoted into each of three replicate 96-well ELISA plates
(Pro-Bind™, Becton Dickinson, Franklin Lakes, NJ), which
were incubated overnight at 4°C. After that and subsequent
incubations, the wells were rinsed four times with
phosphate-buffered saline containing 0.05% Tween-20
(PBS-T). Incubations with chondroitinase ABC (Seikagaku
Corporation, Associates of Cape Cod, East Falmouth, MA),
SuperBlock (Pierce Biochemicals, Milwaukee, WI), anti-
chondroitin-4 sulfate antibody (1:3000 dilution, Seikagaku
Corporation), goat anti-mouse IgG+M (Pierce), and
streptavidin/alkaline phosphatase (Invitrogen) were per-
formed as described12. One hundred µl of 4 mg/ml para-
nitrophenyl phosphate (Invitrogen) in buffer containing
22 mM sodium carbonate, 28 mM sodium bicarbonate, and
1 mM MgCl2, pH 9.8 was added to the wells and the plates
were incubated overnight at 25°C. One hundred µl of 1 N
NaOH was added to the wells and the plates were read at
405 nm. All experimental values fell within the linear range
of the standard curve. Average values from the three
replicate wells were used to calculate chondroitin-4 sulfate
content (pg/sponge).
STATISTICAL ANALYSES
The Mann–Whitney rank sum test was performed with
Sigma Stat version 2.03 (SPSS Inc., San Raphael, CA).
The Mann–Whitney U statistic and one-way ANOVA with
Bonferroni multiple comparisons were performed with In-
Stat Version 3.05 (GraphPad Software Inc., San Diego,
CA).
Results
HUMAN DERMAL FIBROBLASTS CULTURED WITH DBP FOR 3 DAYS
SHOW ALTERED EXPRESSION OF WNT COMPONENTS
Wnt component mRNA levels were measured by semi-
quantitative RT-PCR. Altered expression of five genes (i.e.
relative expression ≥1.4 or ≤0.6) was detected in hDFs
cultured in collagen sponges with DBP for 3 days. Human
DFs cultured in DBP/collagen sponges expressed 1.8-fold
more wnt5b and 1.7-fold more wnt10b mRNAs than hDFs
cultured in control collagen sponges, whereas the wnt2b
mRNA level was 40% of control, fzd6 was 20% of control,
and fzd7 was 60% of control (Fig. 1, upper panel). Altered
expression was not found on day 3 for the 10 other Wnt
component mRNAs that were detected in hDFs (wnt2,
wnt3, wnt4, wnt7b, fzd1, fzd2, fzd3, fzd4, sfrp1, and sfrp4)
(Fig. 1, lower panel).
The results from day 3 showed that gene expression of
some Wnt components was altered in DBP/collagen
sponges during chondroblast differentiation. To determine
whether altered expression of Wnt components persisted
during chondrogenesis, mRNA levels were measured on
days 7, 14, and 21. Those Wnt components whose expres-
sion was found to be altered on day 3 were analyzed as a
group. Some of those genes also showed altered expres-
sion on days 7 and 14 (Fig. 1, upper panel). Expression
levels appeared to return to control levels (i.e. relative
expression values were close to 1) on day 21. mRNA levels
were also measured on days 7, 14, and 21 for the 10 Wnt
components whose expression was not altered on day 3.
Gene expression for that group of Wnt components was not
altered on day 7 (mean percent difference in DBP/collagen
vs control sponges 22%±16%) or day 21 (23%±13%)
(P>0.05 compared to day 3, one-way ANOVA with Bonfer-
roni multiple comparisons (Fig. 1, lower panel). A small but
statistically significant change in expression was found for
this group of genes on day 14 (mean percent differences
54%±28%, P=0.001 compared to day 3) (Fig. 1, lower
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panel). These results show that gene expression of a
subset of Wnt components is altered during chondroinduc-
tion (day 3) and early chondrogenesis (days 7–14) in the
DBP/collagen sponge.
WNT COMPONENT EXPRESSION IS ALTERED AFTER HDFS
INTERACT WITH DBP
A kinetic analysis was performed to characterize the
temporal relationships between fibroblasts’ interactions
with the inductive DBP and changes in Wnt component
expression. Human DFs were seeded onto DBP/collagen
and control collagen sponges and harvested at 12 h inter-
vals. Histologic analysis of control collagen sponges
showed that hDFs had migrated into the top third of the
sponge at 12 h, into the next third at 24 h, and had reached
the bottom of the sponge by 36 h (data not shown). In
DBP/collagen sponges, a few hDFs were attached to DBP
contained in the center of the sponge at 12 h (Fig. 2A). At
24 h, many more cells were visible attached to and sur-
rounding the DBP (Fig. 2A). Many hDFs were attached to
the fibers of the collagen layers that contained the packet of
DBP. Cells were similarly distributed at 12 h intervals up to
72 h (not shown). DBP/collagen sponges cultured for 7
days showed metachromatic extracellular matrix (not
shown), confirming chondroinduction of the hDFs used in
this experiment. In sum, hDFs rapidly migrated into DBP/
collagen and control collagen sponges. Abundant fibro-
blasts’ contacts with DBP were evident by 24 h after
seeding.
Gene expression levels for those Wnt components that
were changed on day 3 were measured at earlier intervals,
also by semi-quantitative RT-PCR (Fig. 2B). As expected,
all genes showed similar expression levels in DBP/collagen
and control collagen sponges 12 h after seeding, before
hDFs interacted with DBP (relative expression values 0.9–
1.2; note the overlap or proximity of open and closed
symbols at the 12 h time point). A decrease in wnt2b gene
expression (50% of control level) was detected 24 h after
hDFs were seeded onto DBP/collagen sponges. At 72 h
after cell seeding, wnt2b mRNA levels were 35% of control.
This was a ∼50% decrease from the initial 12 h level in the
DBP/collagen sponge. In contrast, in control collagen
sponges, wnt2b mRNA levels at 72 h were 60% greater
than the 12 h level. Therefore, both decreased expression
in the DBP/collagen sponge and increased expression in
the control collagen sponge contributed to the difference in
relative expression for this gene at 72 h.
Changes in other Wnt component mRNAs were less
striking at early time points (Fig. 2B). Wnt10b mRNA levels
decreased slightly in both DBP/collagen and control colla-
gen sponges. At 72 h, hDFs in DBP/collagen sponges
expressed 50% more wnt10b than control. Fzd7 expres-
sion remained fairly constant in control collagen sponges;
the lower relative expression (64% of control at 72 h) was
due to decreased levels in DBP/collagen sponges. In this
experiment, wnt5b and fzd6 relative expression at 72 h
(Fig. 2) were not in concordance with the data from the
21-day experiment (Fig. 1). Differences in the measured
gene expression levels at early time points may reflect
differences in the donor fibroblasts used for induction. To
test this hypothesis, ‘baseline’ mRNA levels of the five Wnt
components that were found to be changed in the 21-day
experiment were measured in monolayer cultures of the
hDFs that were used in each experiment (Fig. 3). Strikingly,
genes that showed similar results in the 21-day and 72-h
experiments had equivalent baseline mRNA levels (wnt2b,
wnt10b, and fzd7), whereas genes that showed disparate
results had >2-fold differences in baseline mRNA levels
(wnt5b and fzd6).
ACTIVATION OF THE -CATENIN WNT SIGNALING PATHWAY IN THE
ABSENCE OF DBP INCREASES PROTEOGLYCAN SYNTHESIS BY
HDFS CULTURED IN COLLAGEN SPONGES
DBPs’ effects on Wnt component gene expression sug-
gested the hypothesis that Wnt signaling mediates
chondrocyte differentiation in this system. Wnt signal trans-
duction is complex and at least three pathways are
known22–24. Several of the Wnt components that were
found to be affected by DBP have been implicated in
signaling via the -catenin pathway25–27. Therefore, the
contribution of -catenin signaling to post-natal chondro-
cyte differentiation was assessed by exposing hDFs in plain
collagen sponges (without DBP) to LiCl, an agonist of this
pathway16.
LiCl or NaCl was added to cultures (5 mM final concen-
tration) 24 h after sponges were seeded with hDFs. This
time point was selected because the gene expression
analyses showed DBP-altered expression of Wnt compo-
nents was first evident at that time (Fig. 2). Sponges were
harvested 10 days after seeding, when accumulation of
sulfated glycosaminoglycans in DBP/collagen sponges
reaches a plateau12. Histologic analysis showed that hDFs
cultured in NaCl-treated sponges were surrounded by low
or moderate amounts of metachromatic matrix (Fig. 4A,
Table II). In contrast, hDFs cultured in LiCl-treated sponges
were surrounded by significantly more metachromatix ma-
trix (Table II; P=0.041, Mann–Whitney rank sum test). The
LiCl effect on metachromatic matrix was reproduced in an
Fig. 1. Wnt component gene expression in hDFs cultured in
collagen sponges. Cells were cultured in DBP/collagen or control
collagen sponges for 3 days (12 sponges per group) or 7, 14, 21
days (3 sponges per group). Groups of sponges were pooled at
each time point for RNA isolation. Gene expression levels were
measured by semi-quantitative RT-PCR. The relative expression
for each gene was calculated as the ratio of DBP/collagen to
control collagen sponges (DBP:Collagen). Relative expression
values were plotted according to whether they met the criteria for
change on day 3 (DBP:Collagen ratio ≥1.4 or ≤0.6; upper panel) or
not (lower panel).
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independent experiment that used cells from a different
donor (Table II). Quantitative analysis of matrix proteogly-
can content (Fig. 4B) showed a trend towards increased
chondroitin 4-sulfate content in LiCl-treated sponges
(median of 115 pg/sponge vs 93 pg/sponge for NaCl
sponges, P=0.14, Mann–Whitney U statistic).
Discussion
Strategies to stimulate cartilage synthesis and chondro-
cyte differentiation are desired because cartilage has a
poor capacity for repair. A better understanding of the
cellular mechanisms that regulate chondrocyte differenti-
ation may aid in designing therapies for damaged cartilage.
In this study, the potential for the Wnt signaling pathway to
regulate post-natal chondrocyte differentiation was as-
sessed in an in vitro model of chondroinduction by DBP.
Altered expression several Wnt components was found
during the cellular stages of chondroblast differentiation
and chondrogenesis induced by DBP. Activation of Wnt
signaling by the -catenin pathway agonist, LiCl, was
sufficient to increase proteoglycan synthesis by hDFs cul-
tured in collagen sponges. These results implicate the Wnt
A
B
Fig. 2. Analysis of temporal events in hDFs’ interactions with DBP and changes in Wnt component gene expression. Human DFs were
seeded onto DBP/collagen and control collagen sponges. Sponges were removed from culture at 12 h intervals for histologic and gene
expression analyses. (A) Photomicrographs (4 µm-thick Safranin O-stained sections) of DBP/collagen sponges at 12 and 24 h after cell
seeding. Part of the upper layer of collagen is visible at the top of each image. Arrowheads indicate cells that have migrated into the DBP
contained in the center of the sponge. (B) Expression kinetics of Wnt components in hDFs cultured in sponges. Cells were seeded onto
DBP/collagen and control collagen sponges. Sponges were cultured and harvested at 12-h intervals (3 sponges per group) and pooled for
measurement of Wnt component mRNA levels by semi-quantitative RT-PCR.
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regulatory network as mediators of post-natal chondroin-
duction of dermal fibroblasts by demineralized bone.
Some of the Wnt components that were found to be
changed in this study are known to regulate chondrogen-
esis during embryonic skeletal development. In the
chick, chondrogenesis in embryonic mesenchymal cells is
enhanced by ectopic expression of wnt5b6 and inhibited by
fzd75,6,28. The DBP-induced changes in expression of
these Wnt component genes (decrease in fzd7 and in-
crease in wnt5b) are consistent with these developmental
roles. In contrast, wnt2b, which is required for limb devel-
opment in zebrafish29, was found to be downregulated by
DBP in the collagen sponge system. DBP-induced changes
in expression of other Wnt components that regulate em-
bryonic skeletal development, such as wnt111, wnt142, and
frzb8 were not detected in this study. Wnt regulation of
post-natal chondrocyte differentiation may differ from the
pre-natal process because the target cells are different
(undifferentiated mesenchyme vs dermal fibroblast). Sup-
porting that hypothesis, a different set of Wnt components’
expression is altered occur during chondrogenesis in an-
other experimental system: human bone marrow stromal
cells induced with TGF- show decreased fzd2 and
increased wnt11 mRNAs30.
Wnt signal transduction mechanisms are complex and at
least three pathways are known: the -catenin pathway22,
the planar cell polarity pathway31, and the calcium path-
way24,32. The -catenin pathway has been well studied.
Cytosolic -catenin is marked for proteosomal degradation
via phosphorylation by glycogen synthase kinase 3 (GSK-
accumulates in the cytosol and is subsequently trans-
located to the nucleus and interacts with transcriptional
machinery. LiCl inhibits GSK-3 activity16, thereby mimick-
ing Wnt signaling via the -catenin pathway.
Several of the Wnt components whose expression was
found to be altered by DBP in this study activate signal
transduction via the -catenin pathway25–27. Some of the
DBP-induced changes (i.e. increased wnt5b) suggested
that DBP activates the -catenin pathway in target hDFs,
whereas others (decreased wnt2b) suggested the oppo-
site. Moreover, the Xenopus Frizzled 7 protein has been
shown to activate both the -catenin and calcium path-
ways25. Therefore, to determine the overall effect of
-catenin signaling on chondrogenesis in this experimental
system, hDFs were cultured in collagen sponges and
exposed to the Wnt/-catenin agonist, LiCl. Lithium ap-
peared to promote differentiation of hDFs although some
variability in response was observed. Wnt proteins also
affect proteoglycan synthesis in chondrogenic precursor
Fig. 3. Baseline mRNA levels of Wnt components in hDFs used for
collagen sponge experiments. Gene expression levels in monol-
ayer cultures were measured by semi-quantitative RT-PCR.
A
B
Fig. 4. Effects of Wnt agonist (5 mM LiCl) on extracellular matrix
produced by human dermal fibroblasts cultured in plain collagen
sponges (day 10). (A) Photomicrographs of representative NaCl-
or LiCl-treated sponges (20 µm-thick Toluidine blue-stained sec-
tions). Human DFs are darkly stained. Empty pores within the
sponges are indicated (p). The matrix scores for these sponges
were 1 (NaCl) and 2 (LiCl). (B) Proteoglycan content in collagen
sponges treated with LiCl (N=8) or NaCl (N=8). Solid dashes
indicate the median chondroitin 4-sulfate content (pg per sponge)
for each group.
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cells: Wnt5a and Wnt11 are stimulatory, and Wnt1, -3a, -4,
-7a, and -7b are inhibitory33.
In other experimental systems of chondrogenesis, Wnt
signaling via the -catenin pathway has been shown to
have both stimulatory and inhibitory effects. In human
bone marrow stromal cells, LiCl-treatment increases the
chondrogenic response to TGF-34. In the embryonic
mouse limb, chondrogenic cells do not express Dkk-1, an
inhibitor of the Wnt/-catenin pathway35. In the murine
mesenchymal cell line, C3H10T1/2, overexpression of
wnt3a increases nuclear -catenin levels and these cells’
chondrogenic response to bone morphogenetic protein 2
(BMP-2)36. Curiously, exposure of C3H10T1/2 cells to
LiCl inhibits BMP-2-induced chondrogenesis37. Chick em-
bryonic limb mesenchymal cells exposed to LiCl also
show reduced chondrogenesis38. Finally, -catenin ex-
pression inversely correlates with expression of the carti-
lage matrix protein, collagen type II, during in vitro
chondrogenesis of chick embryonic mesenchymal
cells39.
Recent data showing that Wnt signaling via the calcium
pathway can antagonize the -catenin pathway40–43 may
explain the observed duality of -catenin signaling in
chondrogenesis. During mouse limb development, loss of
calcium-pathway-signaling Wnt5a increases -catenin42
and inhibits chondrogenesis27,42. This suggests that
Wnt effects on chondrogenesis reflect a balance of path-
ways activated by the specific components present. The
net effect of DBP-induced changes in Wnt component
expression on signaling pathways in the collagen sponge
system is yet to be determined, as well as the contri-
bution of accessory proteins such as Lrp/arrow co-
receptors44,45.
The precise mechanism of how DBP affects Wnt compo-
nent gene expression is not known. Previous studies found
that DBP induces shifts in expression of several functional
classes of genes, before the chondroblast phenotype is
evident14,15. These shifts are specific to cellular interac-
tions with DBP and may relate, in part, to changes in cell
shape induced by cell attachment to the particles of dem-
ineralized bone14. Moreover, the gene expression re-
sponse elicited in hDFs by DBP differs from the response
elicited by BMP-246.
In this study, RT-PCR was used because it is a highly
sensitive method to detect gene expression. Some Wnt
components may have been undetected for technical rea-
sons. Also, the sequence-specific primers used for PCR
impose limitations on the type of transcripts that may be
detected: DBP may induce alternatively processed mRNA
transcripts that would not be detected by primers that target
protein-coding regions21. Nevertheless, the data presented
here suggest that Wnt signaling contributes to post-natal
chondroblast differentiation induced by demineralized
bone. These results are a step towards defining cellular
mechanisms that regulate post-natal chondrocyte differen-
tiation, and have important implications for cartilage repair
and tissue engineering strategies.
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